A new thin multilayer circuit-analogue (CA) absorber design consisting of a patterned resistive sheet, glass/epoxy, and glass/ MWCNT-epoxy for X-band radar is presented. The proposed thin multilayer CA-absorber (a total thickness of 2.23 mm) has smaller thickness by 0.71 mm than a single-layer CA-absorber (a total thickness of 2.93 mm). Although the absorption bandwidth of the multilayer CA-absorber in the X-band was slightly narrower than the singlelayer CA-absorber, the absorption performance of the multilayer CA-absorber was comparable to that of the single layer. Also, when the CA-absorber was applied to the leading edge of a wing-shaped structure, the radar cross-section level was comparable with the single-layer CA-absorber even though the thickness of the multilayer CA-absorber was less than that of the single-layer CA-absorber.
Introduction: In RF stealth, since the detection range is related to the radar cross-section (RCS) level, reducing the RCS level as much as possible is important to increase the survivability of an air vehicle [1] . The most popular method to reduce echo RCS strengths is body shaping. Body shaping is the designing of external shapes of the air vehicles to reduce the echo back-scattering towards the radar direction. Body shaping utilises planform alignment which is the alignment of all surfaces and edges of the hard body to the main body shape. Through this method, echo strength can be dramatically reduced. Although body shaping produces significant echo reduction, there are many situations where absorptions are required to achieve the desired RCS level.
Recently, the development of thin, load-bearing structures has been considered as a radar absorber to reduce additional back-scattering of incident waves [2, 3] . As one of the absorber types, circuit-analogue (CA) absorbers have attracted much research interest owing to their excellent performance and high design flexibility. CA-absorbers use patterned resistive sheets with specific sheet resistance and substrate as spacers. The impedance of the patterned resistive sheet coupled with the impedance of the substrate gives rise to various absorbing performances [4] . However, the conventional CA-absorber to be used in aircraft for X-band (8.2-12.4 GHz) radars uses a thick substrate of about or above 3 mm [3, 5] , which is not desirable for aircraft applications because large thickness of absorbing structures leads to weight increase and becomes an impediment to applying the absorbing structure in aircrafts.
In this Letter, we propose a new design for the thin circuit-analogue (CA) absorber with multilayered substrate for X-band radar. The newly proposed thin multilayer CA-absorber, which is a hybrid type of the Dallenbach structure coupled with a patterned resistive sheet for high absorption performance having thin thickness showed comparable performance to the thick single-layer CA-absorber, and could be promising potential radar absorbing structures for aircrafts.
Analysis condition: To extract material parameters for the simulation analysis, the fibre reinforced composite flat-plates (composite materials of glass/epoxy and glass/MWCNT added epoxy used in aircraft) were fabricated using an autoclave process. Specimens were cured and vacuum bagged in an autoclave. After curing, composites were cut to the dimensions of an X-band rectangular waveguide, 22.86 × 10.16 mm. To reduce the errors by the air-gap between the specimen and waveguide, the gap was sealed up with silver paste. To measure and calculate the material properties, an Agilent N5230C network analyser was used. The permittivity of glass/epoxy and glass/MWCNT added epoxy was 4.57(1-j0.0109) and 10.247(1-j0.598) at 10 GHz, respectively. As the resistive sheet, conducting polymer paste based on poly (ethylenedioxy)thiophene (PEDOT) (CleviosTM S V3 purchased from HERAEUS) was used and its sheet resistance was measured through the four-point probe method. As one of the implementable sheet resistances, we used 40 Ω/sq for the multilayer CA-absorber and 120 Ω/sq for the single layer CA-absorber. To design and verify the absorber, the commercial software package CST Microwave Studio was used.
Results and discussion: Fig. 1 shows the geometry of the designed CA-absorber, single-layer (left Figure, periodicity (D Fig. 1, patterns Fig. 1 Geometry of CA absorber with design parameters As shown in Fig. 2 , although the absorption bandwidth of the multilayered CA-absorber in the X-band was slightly smaller than that of the single-layer CA-absorber, the overall absorption performance was comparable with the single-layer CA-absorber even though the thickness of the multilayer CA-absorber was 0.7 mm thinner than that of the single-layer CA-absorber. When glass/epoxy and glass/ MWCNT-epoxy are used in the design of the Dallenbach absorber within a total thickness of 2.7 mm, the absorption performance in the X-band could not be sufficiently achieved. The multilayered Dallenbach absorber with an additional pattern surface could exhibit high absorption performance while maintaining a thin total thickness, as shown in Fig. 2 . Fig. 3 shows the NACA0012 Airfoil model used to analyse the RCS performance of the proposed multilayer CA-absorber. The leading edges in the wing-structured models were replaced with single-layer and multilayer CA-absorbers, respectively. The chord and span of the airfoil are 10 λ and 10 λ at 10 GHz, respectively. In the aircraft, the specific viewing angle becomes perpendicular to the contour lines defining the body surface. At this point, the incidence waves reflect directly backwards. Under this condition, the RCS was analysed at the point perpendicular to the leading edge of the airfoil. The frequencies were swept from 8 to 12 GHz. Fig. 4 shows the frequency dependencies of the RCS at the point perpendicular to the leading edge. For the TE z polarisation, the RCS of the airfoil with the multilayer CA-absorber shows similar strength to that of the single-layer CA-absorber even though the thickness is 0.7 mm less than that of the single-layer CA-absorber. In the TM z polarisation however, although the RCS strength of the multilayer CA-absorber is a little bit higher than that of the single-layer CA-absorber, the multilayer CA-absorber shows significant RCS reduction in between 8.7 and 11 GHz. For the TM z polarisation, the dielectric layers act like inductive components bounding the surface wave to the surface. Since the high lossy dielectric layer used in the multilayer CA-absorber can tightly bound the surface wave, the bounded surface waves attenuate rapidly with increasing distance from the surfaces [6] . As a result, the RCS strength of the multilayer CA-absorber becomes smaller than that of the single-layer CA-absorber, as shown in Fig. 4 . A new design for the thin circuit-analogue (CA) absorber with multilayered substrate for X-band radar is proposed. The newly proposed thin multilayer CA-absorber showed high absorption performance while maintaining thin total thickness and comparable performance with the thick single-layer CA absorber in the leading edge of a wingshaped structure. This structure was found to be promising as potential radar absorbing structures for application to air-vehicles
